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Abstract 
In the automotive industry the increasing environmental awareness is reflected through consistent lightweight construction. 
Especially the use of carbon fiber reinforced thermoplastics (CFRTP) plays an increasingly important role. According to the 
material substitution, the demand for adequate joining technologies is growing. Therefore, laser transmission welding with filler 
material provides a way to combine two opaque joining partners by using process specific advantages of the laser transmission 
welding process. After introducing the new processing variant and the used experimental setup, this paper investigates the 
process itself and conditions for a stable process. The influence of the used process parameters on weld quality and process 
stability is characterized by tensile shear tests. The successfully performed joining of PA 6 CF 42 organic sheets using natural 
PA 6 as filler material underlines the potential of the described joining method for lightweight design and other industrial 
applications. 
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1. Introduction 
1.1. Motivation 
Lightweight constructions play an increasing role to achieve the ambitious legislation requirements on safety and 
fuel efficiency, in order to reduce the emission of carbon dioxide, especially in the automotive and aviation industry. 
One approach to reduce the weight of structural components, while simultaneously gaining the highest possible 
performance, is material substitution, meaning the design principle of putting the right material with the right 
properties at the right place. Current trends in lightweight design show the growing importance of carbon fiber 
reinforced plastics (CFRP), in order to reduce component weight due to its high specific properties [JAHN 2013]. 
Current developments also show a clear tendency towards the use of fiber reinforced plastics with a thermoplastic 
matrix instead of the most widespread thermosetting [STOCK & EGGER 2011]. Thermoplastic composites are 
characterized by their improved properties of material handling, component manufacturing and recycling [BRECHER 
ET AL. 2010]. Whereas melting of thermosetting polymers is not possible due to their cross-linked macromolecules, 
thermoplastics offer the possibility to use welding techniques for joining tasks. The market already offers a lot of 
joining technologies for unreinforced thermoplastic. However, they have been investigated only in exceptional cases 
for application at fiber reinforced materials. 
According to the current state of the art, the joining of carbon fiber reinforced thermoplastics is a key technology 
for the success of thermoplastic composites and is still limited by available joining techniques [DVS FORSCHUNG 
2012]. For further implementation of plastics in structural components and modern production lines new joining 
technologies have to be developed and systematically qualified. 
1.2. State of the art 
The most common methods for joining fiber reinforced plastics are adhesive bonding and mechanical fastening 
technologies, such as classical screwing, clinching, riveting and snap joints [POTENTE 2004]. However, these 
technologies are only partially fiber bond appropriate due to damage to the fibers during drilling holes for example 
and difficult to automate [SCHUERMANN 2005]. Welding technologies are state of the art for joining unreinforced 
thermoplastic polymers. Besides ultrasonic, heat element, resistance and induction welding, laser-based welding 
techniques are in the focus of current researches [RUDOLF 2000]. Especially the flexibility regarding work piece 
geometry, high productivity and a high degree of automation makes the laser an attractive tool for joining 
unreinforced and reinforced thermoplastics. 
 
 
Fig. 1. Schematic illustration of the laser transmission welding process in contour configuration. 
Figure 1 shows a schematic illustration of the current state of the art laser transmission welding process in 
contour configuration. The upper joining partner is transparent for the incident laser radiation (LT). Thus, the 
radiation passes through the transparent partner and is then absorbed by the lower absorbing joining partner (LA). 
The two joining partners are kept in close contact by means of a clamping device. The produced heat is transferred 
to the upper partner via heat conduction. Both partners are melted and the connection is generated by diffusion of 
the polymer molecules. Due to the already mentioned advantages, laser transmission welding is today applied in the 
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mass production of filter housings [BACHMANN & RUSSEK 2002], rear lamps [HINZ 2008] and also for tailgate 
assembling of automotive body in white production [ROUADNI & KERBIGUET 2014]. Usually both joining partners are 
unreinforced and of the same base material but different polymers which have similar melting points and sufficient 
chemical compatibility may be welded as well. The absorption by the lower partner is generated by means of 
adequate colorant technologies, which in the simplest case is the addition of carbon black. Today additives are 
available which enable plastic parts that are colored or black for the human eye but transparent for laser radiation. 
On the other hand, there are additives, white or transparent for the human eye but absorbing for the laser radiation. 
Thus, even black-to-black or white-to-white combinations can be realized when using polymers with absorption 
characteristics especially adapted to the laser process. The most popular type used within laser transmission welding 
applications is the contour welding method in which the laser beam is guided along the joining contour. Today, 
besides the use of unreinforced thermoplastic polymers, the spectrum of laser weldable materials also comprises 
glass fiber reinforced polymers as LT partner. However using carbon fibers to reinforce the LT partner is not 
suitable due to its absorption properties. [JAESCHKE ET AL. 2010] 
Motivated by the described deficits in this paper, an innovative approach for joining carbon reinforced 
thermoplastic polymers (CFRTP) by means of laser transmission welding is analyzed. 
2. Experimental 
2.1. Experimental setup 
The investigations presented in this paper contribute to the development of a new process version of laser 
transmission welding and serve the verification of feasibility. The three major parts are the introduction of the 
welding process, the investigation of the significant process parameters, energy input, applied base material and 
surface quality and finally the determination of the long-term durability of the produced joints. The applied 
experimental setup for these investigations is presented in this section. 
The joining process of laser transmission welding using filler material is similar to laser transmission welding, as 
described in section 1.2. In contrast, the upper joining partner doesn´t have to be transmissive for the applied laser 
radiation. As laser transmissive part, the filler material is used to join the two partners. The filler material is 
provided in terms of an endless synthetic monofilament, consisting of the same polymer as the matrix material of the 
underlying joining partners. 
 
 
Fig. 2. (a) Schematic illustration of the laser transmission welding process using filler material; (b) experimental setup in the laboratory. 
Figure 2 shows a schematic illustration of the laser transmission welding process using filler material (see Fig. 
2 a) and the experimental setup in the laboratory (see Fig. 2 b). Concerning their optical properties, the two joining 
partners are absorbent for the incident laser radiation (LA). However, the filler material is transparent. As shown 
schematically in Figure 3, the radiation (1) passes through the transparent filler material (2) and is then absorbed by 
the two joining partners (3, 4). Due to the different refractive indices of the filler material (n2) and the surrounding 
medium, air (n1), the laser beam is refracted and additionally focused. As shown in Formula 1, the laser power input 
can be divided into the two main parts, the heat flow into the filler material ( ሶܳ ଶ) and the heat flow into the two 
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joining partners ( ሶܳ ଷ, ሶܳ ସ). The melting behavior and therefore the joining process are mainly characterized by the 
distribution of the energy absorption. The transparent filler material is melted by the influence of the absorbed laser 
energy ( ሶܳ ଶ) and the heat flow from the two joining partner surfaces to the filler material ( ሶܳ ଷǡସכ). 
lossesQQQLP  2
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3
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   (1) 
While the two joining partners are fixed together by a clamping device, the transparent filler material (2) and the 
joining partners are kept together by means of the elastic force of the polymeric monofilament only. The produced 
heat is transferred to the filler material via heat conduction. All three partners are melted and after cooling down, the 
materials are permanently joined together by diffusion of the polymer molecules. 
 
 
Fig. 3. Energetic model of the absorption behavior. 
The welding experiments have been performed using a high power diode laser (Laserline LDF 4000-30) emitting 
a wavelength of λ = 940 nm with reduced power output of Pmax = 1 kW. The laser radiation is guided by an optical 
fiber with a diameter of dopt = 1000 μm to a tactile guided laser working head (Highyag PDT), which focuses the 
laser beam on the filler material inside the welding zone with a focus diameter of df = 1.6 mm. Similar to the contour 
welding process, the laser beam is guided along the fillet. The filler material is an endless monofilament provided 
simultaneously by a wire feeding system (Dinse DIX) with speed control, to eliminate slippage. 
The composite materials used for the two joining partners are based on one of the most common engineering 
thermoplastic polymers, a semi-crystalline polyamide 6 (PA 6), reinforced with carbon fibers of the type Grafil 
TRH50 60k. The laminates exist of eight unidirectional carbon weaves in 0°, ±45° and 90° orientation with an entire 
thickness of 2.0 mm. The thermoplastics contain various carbon black (c.b.) (0; 1 wt.-%) and various fiber contents 
(0; 42 vol.-%). Pursuant the unreinforced PA 6 thermoplastic has been selected as filler material for joining 
investigations. It is provided as an endless monofilament with a diameter of dfm = 1.6 mm. 
2.2. Testing 
All joined specimens are characterized by microscopy and the maximum breaking forces, determined by tensile 
shear tests according to DIN EN ISO 527-4. The tests are performed using a testing speed of vt = 2 mm/min and the 
geometry of the specimens as shown in Figure 4 a. The width of the samples is b = 25 mm. All tests are performed 
with dried samples at room temperature and each test result is verified by testing three identical specimens. 
Additionally, climatic change tests with cycles between -30 °C and +90 °C and relative air humidity between 
20 % and 80 % are performed to analyze the long-term durability of the joint connections. Figure 4 b shows the 
temperature and humidity profile for one cycle lasting 12 hours. Totally 20 cycles are performed with a total 
duration of 240 hours. All tensile shear tests according to the climatic change test are performed at dry conditions 
and each test result is verified by testing six identical specimens. 
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Fig. 4. (a) Geometry of test specimens; (b) Temperature and humidity cycle for the climatic change tests. 
3. Results and Discussion 
Based on the described experimental setup in section 2.1, the influencing factors on the welding process as shown 
in Figure 5 can be divided into two groups. The disturbances contain controllable and not controllable influences 
like for example environmental influences and contamination. But the main influencing parameters on the welding 
process, which are investigated in this paper, are the energy contribution, concerning laser power (PL) and feeding 
speed (vs), the applied material and the surface quality. 
 
 
Fig. 5. Influencing factors on the laser transmission welding process using filler material according to [DREYER ET AL. 1993]. 
 
Since it can be assumed from the process characteristics that the resulting temperature is a key factor for the laser 
manufacturing process, the laser power in combination with the feeding rate is investigated in the first step. The 
other relevant process parameters were determined in pre-trials and kept constant. The feeding rate is increased from 
20 mm/s to 90 mm/s with a constant laser power of 128 W. As shown in Figure 6, the resulting breaking forces 
show a clear maximum for 35 mm/s (ES ≈ 3.5 J/mm) with approximately 1100 N. At the feeding rate of 20 mm/s a 
maximum force of about 500 N and for 90 mm/s approximately 600 N are measured. If the feeding rate exceeds the 
certain optimum of about 35 mm/s, the temperature within the joining area decreases. This leads to a higher 
a) b)
110 mm
200 mm
20 mm
F, vsF, vs
-40
-20
0
20
40
60
80
100
-40
-20
0
20
40
60
80
100
0 2 4 6 8 10 12
H
um
id
ity
 rF
Te
m
pe
ra
tu
re
T
Duration
Temperature
Humidity
ιC. %
hh
Influencing Parameters
Process parameters
•Laser power
• Feeding rates (vs, vw) 
•Beam attack angle
• Spot diameter
Laser Welding Process
Cause-Effect Model
System parameters
•Base material
• Filler material
• Seam geometry
• Surface quality
• Joining force
Disturbances
Not controllable
•Environmental
influences
•Manufacturing 
tolerances
Disturbances
Controllable
• Positioning
inaccuracies
•Contamination
Targets
Seam quality
•Mech. strength
• Fracture behaviour
• Pores
• Process stability /  
reproducibility
 Stefan Berger and Michael Schmidt /  Physics Procedia  56 ( 2014 )  1182 – 1190 1187
viscosity of the melted plastic and thus to a less broad joining seam that has to transfer the forces. By decreasing the 
feeding rate, the joining temperature exceeds a certain optimum and thermal decomposition of the plastic starts.  
The three pictures in Figure 6 show the fracture surfaces of the welding seams in relation to the feeding rates 
respectively the energy per section. At the optimum operating point at 35 mm/s, a constant failure within the non-
reinforced filler material is achieved. At a feeding rate of 90 mm/s the seam is less broad and the filler material is 
connected only partially to the joining partner. Decreasing the feeding rate to 20 mm/s leads to a broadening of the 
heat affected zone (HAZ) but thermal decomposition results in a less strong welding seam. This behavior mainly 
depends on the energy input per section and can also be detected at other laser powers. 
 
 
Fig. 6. Tensile shear breaking force of the tested specimens depending on the energy per section and the resulting fracture surface at selected 
parameters. 
 
Besides the energy contribution, the used material of the joining partners has a major effect on the welding 
process and the reachable breaking forces. In order to determine the influence, the three different materials described 
in section 2.1 are investigated. The two investigated aspects are the addition of carbon black (c.b.) and the carbon 
fiber reinforcement. As seen in Figure 7 it makes no big difference concerning the force to join unreinforced PA 6 
containing 1 wt.-% carbon black (0 vol.-% c.b.) or reinforced PA 6 with 42 vol.-% carbon fibers without carbon 
black (42 vol.-%). Thereby the breaking forces are varying approximately between 1000 N and 1100 N. For the 
reinforced PA 6 with 42 vol.-% carbon fibers and additional 1 wt.-% carbon  black (42 vol.-% c.b.) the test results 
show a much higher force of nearly 1500 N (+35 %). With reference to the measured load bearing cross section of 
around 1.0 mm, this results in seam strength of 55 MPa. Regarding to the strength of the unreinforced PA 6 matrix 
material (ߪ௧  = 62 MPa) this leads to a welding factor of 0.89. It is to be assumed that the surface near absorption of 
the laser radiation in combination with the heat conduction along the fibers leads to an optimal temperature 
distribution. 
Thereby, the required energy per section for a good weld quality mainly depends on the presence of carbon black. 
In this investigation it is exactly the same for PA 6 with additional carbon black with (0 vol.-% c.b.) and without the 
fiber reinforcement (42 vol.-% c.b.). The lower required energy input of only 21 J/cm for the carbon reinforced PA 6 
without carbon black (42 vol.-%) can be explained by the fact that more than twice of the interaction time of the 
materials with carbon black is needed. The absorption of the laser radiation within the material without carbon black 
(42 vol.-%) mainly occurs at the fiber reinforcements and not directly at the surface of the LA partner, due to the 
high transmission factor of natural PA 6. Therefore, the heat conduction starts inside the LA partner and has to pass 
through the upper PA 6 layer, in order to reach the LT filler material. A very slow volumetric heating is the 
consequence. For this reason, the optimum processing parameters for the joints, as shown in Figure 7 are 
PL = 242 W and vs = 70 mm/s for the two materials containing carbon black (0, 42 vol.-% c.b.) and only PL = 62 W 
and vs = 30 mm/s for the one without carbon black (42 vol.-%). Moreover, the irregular absorption behavior of 
carbon fiber reinforced composite with respect to the laser radiation [JAESCHKE 2012] can be reduced by adding 
carbon black. 
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Fig. 7. Tensile shear breaking forces of tested specimens depending on the carbon black and the fiber volume content of the thermoplastic as well 
as the required energy per section. 
 
Another parameter that was investigated is the influence of the surface roughness on the quality of the joining. One 
way for surface characterization is the measurement of the standardized roughness parameter RZ. In order to clarify 
whether there is a direct correlation between this indicator and the breaking forces of the lap joint, four surface 
conditions of the upper joining partner – water jet cut, sawn by a diamond cutting disc, laser cut and milled – are 
investigated. Therefore, the carbon composite material containing 1 wt.-% carbon black (42 vol.-% c.b.) is used and 
the laser power and feeding rate are set to PL = 242 W and vs = 70 mm/s. As shown in Figure 8 a, the surface 
roughness varies between 8 μm for the milling method and 67 μm for the laser cutting method, which reaches the 
highest surface roughness. While the breaking forces including scattering do not vary much between the surface 
roughness of the three methods water jet cutting, sawing and milling (RZ = 9 μm, 19 μm, 41 μm), the forces 
achieved with the laser cut surface are a little bit less. But this can also be explained by the thermal decomposed 
surface evoked by the high heat input in comparison to the milling surface as seen in Figure 8 b. 
 
 
Fig. 8. (a) Tensile shear breaking forces depending on the surface roughness of the different cutting methods; (b) Microscopy images of the 
surface quality of milled (up) and laser cut (low) edges. 
 
To investigate the long-term durability of the joint connections, a climatic change test, as described in section 2.2, 
is performed. Figure 9 shows clearly that the tensile shear breaking forces of the lap joint connections are reduced 
after the climatic change test. The extreme temperature change from -30 °C to +90 °C leads to an artificial aging of 
the polymers. This causes a thermal-oxidative decomposition of the thermoplastic and affects the chemical 
composition and the mechanical properties [EHRENSTEIN & PONGRATZ 2007]. Typical effects for polyamides are 
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embrittlement of the surface layers, discoloration and cracking. As a result of these effects, the breaking forces of 
the lap joint connections, determined by tensile shear tests, are reduced from approximately 1500 N before to 
1200 N after the climatic change test. This means a reduction of about 18 %. During the test cycle, the water 
absorption of the test specimen was 1.78 % on average. 
 
 
Fig. 9. Comparison of tensile shear breaking forces of lap joint connections before and after a climatic change test. 
 
4. Conclusion and outlook 
In this paper a new approach for the welding of high performance carbon fiber reinforced thermoplastic 
composites is presented. The experimental studies show that two opaque thermoplastic joining partners, either fiber-
reinforced or not, can be joined by laser transmission welding using filler material as adhesive promoter. However, 
the reachable tensile shear breaking force of the joint connections are highly depending on the applied composite 
material and parameter setting. High laser power leads to high temperature within the joining zone, which causes 
pores due to thermal decomposition of the thermoplastic material. This has a negative influence on the tensile shear 
breaking forces of the joining. The investigations of different composite materials show that the applicable feeding 
rate and associated laser power mainly depend on the optical properties of the joining partners. It can be 
demonstrated that the use of carbon black containing matrix material leads to both, stronger joints up to a welding 
factor of 0.9 regarding the unreinforced polymer material as well as higher possible feeding rates up to 90 mm/s. An 
investigation on the influence of surface conditions shows that within a broad range the surface roughness has no 
major influence on the weld quality and the breaking forces. Last but not least, the carried out climatic change test 
showed that the breaking forces follow the laws of polymer technology but with a decline of only 18 percent it will 
still be suitable for many applications. 
In conclusion, the laser transmission welding using filler material is a promising joining technology that is worth 
further investigation, due to its procedural and functional advantages that make it interesting for mass production. 
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